Abstract. Fludarabine phosphate (2-Fluoro-ara-AMP) is a purine analogue approved for the clinical treatment of haematological malignancies. This antimetabolite has also shown 'in vitro' antiproliferative activity against experimental models of solid mammary tumor. In this perspective, we have determined the cytotoxic effects of 2-Fluoro-ara-AMP against two human breast cancer cell lines (the ER-positive MCF-7 and the ER-negative MDA-MB-435), by adding the drug both in its free form and encapsulated into erythrocytes, as a strategy to modify the pharmacokinetic profile of the compound in order to increase its efficacy and decrease its toxicity. Similar antiproliferative activity of 2-Fluoro-ara-AMP in the two cell lines was obtained, reaching an almost complete abrogation of growth already after just 24 h of free drug exposure at all the tested doses. Meanwhile, encapsulated 2-Fluoro-ara-AMP was successfully released from erythrocytes into the culture media in a time-dependent manner with an efficacy comparable to that of the free drug treatment. This result suggests the possibility of administering 2-Fluoro-ara-AMP in patients with breast cancer using autologous erythrocytes as a system to slowly and constantly deliver 2-Fluoroara-A into circulation. In addition, possible mechanisms involved in the antiproliferative activity of 2-Fluoro-ara-AMP, such as the effects on cell cycle progression, p53 expression and STAT1 pathway activation in ER + and ER -cancer cell lines, are proposed.
Introduction
Fludarabine phosphate (9-b-D-arabinofuranosyl-2-fluoroadenine 5'-monophosphate, 2-Fluoro-ara-AMP), known as Fludara, is a fluorinate purine analogue showing antineoplastic activity. It first entered into clinical trials in 1982 for treatment of lymphocytic haematological malignancies and, successively, was approved for use in the management of patients with chronic lymphocytic leukaemia (1) (2) (3) (4) (5) (6) (7) .
Unlike adenine arabinoside (ara-A), the clinical formulation of 2-Fluoro-ara-AMP is water soluble and resistant to deamination by adenosine deaminase (8) (9) (10) . It functions as a prodrug that is instantaneously and quantitatively dephosphorylated to the parent nucleoside 2-Fluoro-ara-A upon intravenous infusion, probably by the 5'-nucleotidase activity in plasma, and then transported into the cell by facilitated transport (11, 12) . Inside the cells, rephosphorylation occurs which, in the end, leads to fluoroadenine arabinoside triphosphate (2-Fluoro-ara-ATP), the principal cytotoxic metabolite of 2-Fluoro-ara-AMP. This metabolite acts on several key processes necessary for DNA replication and repair which finally results in the complete inactivation of DNA synthesis followed by cellular apoptosis. The complete mechanism by which 2-Fluoro-ara-AMP induces apoptosis in cancer cells is not yet fully understood (13) .
Even if until now 2-Fluoro-ara-AMP has been used clinically mostly in haematological diseases, its significant antitumor activity has prompted us to investigate the possibility of using it against experimental models of breast cancer, a tumor that represents the most common type of cancer in women. In fact, notwithstanding the advancement in treatment for this disease, a considerable number of patients are intrinsically resistant to conventional chemotherapy or develop resistance after treatment. In this context, the identification of new treatment strategies for this malignancy would be of great benefit. In order to work with experimental models that are representative of the clinical situation, two established cell lines having a different profile of estrogen receptor (ER) expression, MCF-7 (ER-positive) and MDA-MB-435 (ER-negative), were used to evaluate and characterize the antiproliferative activity of 2-Fluoro-ara-AMP. It is known that triphosphate analogues inhibit various processes involved in DNA and RNA synthesis (14) (15) (16) , however, their effects may involve modulation of apoptotic pathways, cell cycle control, or signal transduction pathways (17) . Since 2-Fluoro-ara-AMP is a potent activator of both p53, a transcription factor able to block the cell cycle (18) , and of STAT1, a transcription factor playing an important role in growth arrest of cancer cell lines (19) (20) (21) , a possible mechanism to explain the effect of 2-Fluoro-ara-AMP on ER + and ER -breast tumor cell lines involving p53 expression and STAT1 activation, was investigated. Moreover, considering the drug dose limiting toxicity (22, 23) , it would be necessary to investigate the possibility of slowly releasing the active drug 2-Fluoro-ara-A through a delivery system able to modify the drug pharmacokinetic profile. It is known that erythrocytes constitute potential biocompatible carriers for different bioactive substances, as well as conventional therapeutics, being able to affect drug pharmacokinetic, drug bioavailability and sometime safety and efficacy (24) . Besides, it is interesting to note that red blood cells are 'active' carrier systems, endowed with a number of enzymatic activities that can be conveniently explored to convert an inactive pro-drug into an active drug. It is suitable for 2-Fluoro-ara-AMP that can be encapsulated into human erythrocytes since it is synthesized with charged group on the sugar moiety making it non-diffusible and, when the chemical group has been hydrolyzed by resident red cell enzymes, the pro-drug can be converted into its diffusible form crossing the red cell membrane and thus slowly released in circulation (25) . For this reasons, the antitumor activity of 2-Fluoro-ara-AMP-loaded erythrocytes on MCF-7 and MDA-MB-435 cell lines was evaluated.
Materials and methods
Materials. 2-Fluoro-ara-AMP (Fludara) was obtained from Shering S.p.A. (Segrate, Milan, Italy). Human erythrocytes and human plasma were from freshly drawn human blood from healthy donors collected in heparinized tubes.
Methods
Pharmacokinetics of 2-Fluoro-ara-AMP in culture media. To be taken up by breast cells, 2-Fluoro-ara-AMP added to culture media first has to be converted to its dephosphorylated form 2-Fluoro-ara-A. To this end, 0.3 mM 2-Fluoro-ara-AMP was added to culture media at 37˚C for 72 h. At different time intervals (0, 1, 3, 5, 8, 24, 32, 48 and 72 h) 2-Fluoro-ara-AMP and the corresponding dephosphorylated derivative were determined by high-performance liquid chromatography (HPLC) of perchloric acid extracts. These were prepared following the method reported by Beutler, slightly modified. Briefly, 50 μl of 10% (v/v) HClO 4 was added to 0.1 ml of medium aliquots; after centrifugation at 1,800 x g for 10 min, the supernatant was separated and neutralized with K 2 CO 3 . The solution was again centrifuged at 1800 x g for 10 min and the supernatant was removed and brought to a final volume of 200 μl. Preliminary experiments have demonstrated that this drug and its metabolites are stable under these extraction conditions (not shown). Samples were then filtered and 50 μl aliquots were used for HPLC analysis as described below.
Metabolism of 2-Fluoro-ara-AMP in MCF-7 and MDA-MB-435 cell lines.
MCF-7 and MDA-MB-435 cells were incubated at 37˚C in a 5% CO 2 -humidified atmosphere with increasing doses of 2-Fluoro-ara-AMP (2.5, 5 and 10 μM) for different times (4, 8, 24 and 48 h). At each time point, the media were separated and centrifuged to remove floating cells. Media supernatants were then submitted to solid-phase extraction using Isolute C 18 columns (International Sorben Technology, Mid-Glamorgan, UK) according to the manufacturer's instructions before being analyzed by HPLC. Adherent cells were washed with phosphate buffered saline (PBS, BioWhittaker) and extracted with perchloric acid as previously described. Neutralized extracts were then used for HPLC determinations of the 5'-phosphate derivative 2-Fluoro-ara-ATP.
HPLC determinations. A 5 μm Supelcosil LC-18T column (15x4.6 mm I.D.; Supelco, Bellefonte, PA, USA) protected with a guard column (Pelliguard LC-18, 20x4.6 mm I.D., pellicular packing material, 40 μm particles) was used in these studies. The mobile phase used for the separation of nucleotide analogues consisted of two eluents: 0.1 M KH 2 PO 4 , 5 mM tetrabutylammonium hydroxide (TBA) solution adjusted to pH 4.95 by 1 M K 2 HPO 4 (buffer A) and buffer A containing 30% (v/v) of methanol (buffer B). All buffer solutions, as well as standards and sample solutions, were filtered through a 0.22 μm membrane filter (Millipore, Bedford, MA). The elution conditions to obtain the chromatograms were as follows: 5 min 100% buffer A, 25 min up to 100% buffer B and hold for 5 min. The gradient was restablished to 100% buffer A in 2 min and the initial conditions restored in 4 min. The flow rate was 1 ml/min and the detection wavelength was 260 nm. Analyses were performed at room temperature and quantitative measurements were carried out by injection of standard solutions of known concentration. The molar absorption value used for standard calibration of 2-Fluoro-ara-AMP, 2-Fluoro-ara-ADP and 2-Fluoro-ara-ATP at 260 nm was 15.4. The retention times under the conditions used were 19.0 min for 2-Fluoro-ara-A, 23,3 min for 2-Fluoro-ara-AMP, 27.4 min for 2-Fluoro-ara-ADP and 30.6 min for 2-Fluoroara-ATP. dC kinase assay. The dC kinase activity was measured with a radiochemical method in crude extracts employing deoxycytidine as substrate. Briefly, frozen cells were thawed and then washed with PBS. The pellet was extracted in a buffer containing 50 mM Tris-HCl, pH 7.6, 2 mM dithiothreitol, 5 mM benzidamide, 0.5 mM phenylmethylsulfonyl fluoride, 20% glycerol and 0.5% Nonidet P40. Then the resuspended cells were frozen and thawed three times and centrifuged at 11,800 g for 5 min at 4 °C to remove cell debris. The proteins in the supernatant were used in the kinase assay, and their concentration was determined by the protein assay (Bio-Rad Laboratories, CA), according to the manufacturer's instructions. Subsequently, the activity of 300 μg of protein was assayed in a reaction mixture containing 6 mM ATP, 6 mM MgCl 2 , 7 mM KF, 0.2% BSA (w/v), 0.1 M Tris-HCl, pH7.5 and substrate [ 3 H]dC in the range 0-200 μM in a total volume of 200 μl. Following the assay, samples were incubated for 1 h at 37˚C and an aliquot of the reaction mixture (100 μl) was spotted onto Wathman DE81 paper. Filter papers were washed 3 times in 1 mM ammonium formate, once in water, then dehydrated in ethanol and total radioactivity was measured in a liquid scintillation ß-counter, employing 3 ml Ecoscint scintillation fluid. The radiolabeled substrates were dissolved in 0.5 ml soluene prior to use.
Cell cultures. An ER-positive (MCF-7) and an ER-negative (MDA-MB-435) human breast carcinoma cell line were used in the study. Both cell lines were cultured in DMEM supplemented with 2 mM L-glutamine, 1% non-essential amino acids, 50 μg/ml streptomycin, 50 U/ml penicillin, 10 μg/ml insulin and with 10% FBS (MCF-7) or with 5% FBS (MDA-MB-435), and grown in monolayer in a humidified atmosphere at 37˚C with 5% CO 2 . The experiments were performed with cells in the logarithmic phase of growth.
Cell survival assay. After harvesting in the logarithmic growth phase, cells were seeded in 6-well plates and allowed to attach overnight. Cells were then treated with increasing concentrations of 2-Fluoro-ara-AMP (2.5, 5 and 10 μM) for different incubation times (4, 24, 48, 72 and 96 h). At 96 h from the beginning of treatment, cells were trypsinized and counted in a particle counter (Coulter Counter model, Coulter Electronics Limited, Luton, UK). The percentages of viable cells were determined by the trypan blue dye exclusion test. Viability always exceeded 95%. Each experimental sample was run in triplicate. The results were expressed as the cell number of treated samples compared with control samples.
Flow cytometric analyses of DNA content. Cells were seeded onto 75-cm 2 plastic flasks and treated with 2-Fluoro-ara-AMP 2.5 μM. At 4, 24 and 48 h from the beginning of drug treatment, cells were harvested and samples of 1x10 6 cells were fixed in 70% ethanol. Before analysis, cells were washed in PBS and stained with a solution containing 50 μg/ml propidium iodide, 50 mg/ml RNase, and 0.05% Nonidet P40 for 30 min at 4˚C, and then analyzed with a FACScan flow cytometer (Becton-Dickinson, Sunnyvale, CA). The cell cycle distribution was evaluated on DNA plots by CellFit software according to the SOBR model (Becton-Dickinson).
Evaluation of apoptotic cell morphology. Cells were harvested at 48 h after drug treatment with 2-Fluoro-ara-AMP 2.5 μM; adherent cells were pooled together with detached cells and then scored for nuclear morphology of apoptosis (chromatin condensation and DNA fragmentation) by labelling with a solution containing 50 μg/ml of propidium iodide, 50 mg/ml of RNase, and 0.05% Nonidet P40 in PBS. After staining, the slides were examined using fluorescence microscopy, and the percentage of cells with an apoptotic nuclear morphology was determined by scoring at least 500 cells in each sample.
Encapsulation of 2-Fluoro-ara-AMP in human erythrocytes.
Human erythrocytes were loaded with 2-Fluoro-ara-AMP by a procedure involving hypotonic dialysis, isotonic resealing and reannealing essentially as reported (26) with some modifications. Briefly, human erythrocytes were washed in 10 mM Hepes, 154 mM NaCl, 5 mM glucose (pH 7.4; buffer A) to remove leukocytes and platelets and were resuspended at 70% haematocrit in buffer A. Cells were then dialyzed for 90 min using a tube with a cut-off of 12-14 kDa against 50 vol of 10 mM NaH 2 PO 4 , 10 mM NaHCO 3 , 20 mM glucose (pH 7.4) containing 3 mM glutathione and 2 mM ATP (buffer B). The osmolarity of buffer B was 58 mOsm. After this time, 12 μmol of 2-Fluoro-ara-AMP was added to each ml of dialyzed erythrocyte suspension. All these procedures were performed at 4˚C under sterile conditions. Resealing of the erythrocytes was obtained by adding 0.1 vol of 5 mM adenine, 100 mM sodium pyruvate, 4 mM MgCl 2 , 0.194 M NaCl, 1.606 M KCl, 35 mM NaH 2 PO 4 (pH 7.4) per vol of dialyzed erythrocytes and by incubating at 37°C for 20 min. Resealed cells were then washed two times in buffer A and used for the studies described below.
Addition of 2-Fluoro-ara-AMP-loaded erythrocytes to MCF-7 and MDA-MB-435 cells.
To evaluate the ability of 2-Fluoroara-AMP-loaded erythrocytes to release 2-Fluoro-ara-A in culture medium and to determine its uptake by cancer cell lines, loaded erythrocytes at 2% haematocrit were incubated, in the absence or in the presence of MCF-7 and MDA-MB-435 cells in 6-well plates at 37°C in a 5% CO 2 atmosphere. At different times (4, 24, 48, 72 and 96 h), erythrocyte suspensions were removed, supernatants were separated and processed for 2-Fluoro-ara-A determination by HPLC analysis, as already described. To investigate the cytotoxic activity of 2-Fluoroara-AMP-loaded erythrocytes, cells were incubated with 2-Fluoro-ara-AMP-loaded erythrocytes at 2% Ht for different times (4, 24, 48, 72 and 96 h). At 96 h from the beginning of treatment, cells were trypsinized and counted in a particle counter (Coulter Counter model). The percentages of viable cells were determined by the trypan blue dye exclusion test. Viability always exceeded 95%. Each experimental sample was run in triplicate. The results were expressed as the cell number of treated samples compared with control unloaded erythrocytes (UL RBC), that is, erythrocytes submitted to loading procedure without adding 2-Fluoro-ara-AMP.
Comparison of P53 and STAT1 expression before and after incubation with 2-Fluoro-ara AMP. Cells cultures were washed twice with PBS pH 7.4 (phosphate buffered saline) and successively lysed in Lyses Buffer 50 mM Tris-HCl pH 7.8, 2% (w/v) sodium dodecyl sulfate (SDS), 5 mM EDTA (ethylenediaminetetraacetic acid) 5 mM, 109 mM NEM (Nethylmaleimide) in presence of protease inhibitors: 2 mg/ml leupeptin, 2 mg/ml pepstatin, 4 mM AEBSF [4-(2-Aminoethyl) benzenesulphonyl fluoride] and 1 mM PMSF (Phenylmethylsulphonylfluoride) and phosphatase inhibitors: 1 mM sodium orthovanadate and 1 mM of sodium fluoride. Whole cell lysates were boiled immediately for 5 min and centrifuged at 6,000 x g for 13 min. The protein concentration of cell extracts was determined by the Lowry protein assay (27) . Thirty micrograms of cell extracts were resolved on 7.5% SDS-PAGE (28) and transferred by electroblotting on Hybond-C Extra nitrocellulose membrane (Amersham Pharmacia Biotech, Italy) for 60 min at 100 V with a Bio-Rad transblot (Bio-Rad laboratory, Germany) (29) . For the immunoassay, membranes were treated with Blocking Solution: 5% (w/v) dry milk dissolved in TBS (150 mM NaCl, 50 mM Tris pH 7.5) maintained for 1 h at room temperature. The specific antibodies were incubated in diluted blocking solution overnight at 4°C. The antibody utilized for p53 determination was a polyclonal antibody anti-p53 that recognizes the wild-type and mutated form of the protein (Santa Cruz Biotechnology Inc., Santa Cruz, CA). Antibodies utilized in the different Western immunoblottings were the following: polyclonal anti p-Tyr701-STAT1 (Cell Signaling), polyclonal anti STAT1 (Santa Cruz Biotechnology Inc.) and polyclonal anti-Actin (Sigma Chemical Inc., Italy). The immune complexes were detected with horseradish peroxidase-conjugated goat antirabbit and horseradish peroxidase-conjugated goat anti-mouse antiserum (Bio-Rad laboratory, Germany) and followed by enhanced chemiluminescence reaction (ECL, Amersham Pharmacia Biotech, Italy). Quantitative analysis was performed by a Chemi Doc System and Quantity One Program System (Bio-Rad laboratory).
Other determinations. Erythrocyte counts and haematological parameters (haematocrit and mean cell volume) were determined by cell counter ABX Micros 60 (Horiba Medical Italia).
All results reported in this paper are mean ± SD of at least three different determinations in duplicate.
Results

MCF-7 and MDA-MB-435 media dephosphorylate 2-Fluoroara-AMP to F-ara-A.
Since the first-step in the metabolism of 2-Fluoro-ara-AMP is its dephosphorylation to the nucleoside F-ara-A, the ability of MCF-7 and MDA-MB-435 culture media to dephosphorylate 2-Fluoro-ara-AMP to its diffusible form, 2-Fluoro-ara-A, was evaluated. As shown in Fig. 1A and B, both cell media were found to remove the phosphate group at the same rate: 50% of 2-Fluoro-ara-AMP was already dephosphorylated after approximately 20 min, and completely transformed into 2-Fluoro-ara-A after approximately 1 h. These results are due to the presence of FBS (fetal bovine serum) in culture media that possesses the 5'-nucleotidase activity necessary to convert the prodrug into the diffusible form that can be internalized by the cells. In fact, similar results have been obtained by incubating 2-Fluoro-ara-AMP in human plasma (data not shown). Fig. 2A) show that 2-Fluoroara-ATP could be detected in MCF-7 cells only after 24 h of incubation and that its accumulation was concentration and time-dependent, while in MDA-MB-435 cells, the triphosphorylated form was already present after 4 h of incubation and its accumulation appeared independent on drug concentrations and the drug exposure times tested (Fig. 2B ). This result is in accordance with the higher V max /k m values obtained for MDA-MB-435 compared to MCF-7 cell line (Table I) . However, at 48 h, the same 2-Fluoro-ara-ATP concentrations in both lines were observed. The low monophosphate and diphosphate levels in cells (data not shown) confirms that phosphorylation by deoxycytidine kinase is rate-limiting for 2-Fluoro-ara-ATP formation. Antiproliferative activity of 2-Fluoro-ara-AMP. The antiproliferative effect of 2-Fluoro-ara-AMP was studied in hormone-responsive, low-invasive MCF-7 cell line and hormone-insensitive, highly invasive MDA-MB-435 cell line exposed to increasing concentrations of the drug (from 2.5 to 10 μM) for different exposure times (from 4 to 96 h). In MCF-7 cells, a dose-dependent, although modest, inhibition of cell number was already evident after 4 h of treatment. After a 24 h exposure to 2-Fluoro-ara-AMP, an almost complete abrogation of growth was observed in these cells (~90% inhibition when compared to controls) independent of drug concentration, and the extent of inhibition remained stable until the last time point considered (96 h) (Fig. 3A) . As far as MDA-MB-435 cells are concerned, a negligible effect on cell growth was found following a 4-h exposure to the drug. Conversely, longer drug exposure times caused a marked inhibition of cell proliferation, which was independent of drug concentration and superimposable to that observed in MCF-7 cells (Fig. 3B) . Table I . Determination of enzymatic activity of dC kinase in MCF-7 and MDA-MB-435 cell lines. 
MCF-7 and MDA-MB-435 cell lines metabolize 2-Fluoro
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The dC kinase activity was measured with a radiochemical method in crude extracts employing deoxycytidine as substrate. Samples were incubated for 1 h at 37˚C and an aliquot of the reaction mixture was spotted onto Wathman DE81 paper. Filter papers were washed, dehydrated in ethanol and total radioactivity was measured.
-------------------------------------------------
Flow cytometric analyses of DNA content and evaluation of apoptotic cell morphology. To assess the effects induced by the drug on the cell cycle, we exposed the two breast cancer cell lines to 2.5 μM 2-Fluoro-ara-AMP for different intervals (from 4 to 48 h). Flow cytometry profiles of nuclear DNA content in the MCF-7 cells revealed that the drug was able to induce an increase in the percentage of cells in the G 1 compartment and a concomitant reduction in the percentage of S-phase cells (Table II) . Conversely, in MDA-MB-435 cells, treatment failed to interfere with the progression of cells throughout the cell cycle (Table II) , thus suggesting that, at least at this relatively low concentration, 2-Fluoro-ara-AMP suppressed the growth of MDA-MB-435 cells without inducing a specific block of the cell cycle. Moreover, flow cytometric analyses conducted in both MCF-7 and MDA-MB-435 cells after drug treatment did not show the presence of a detectable pre-G 1 apoptotic cell population. Accordingly, fluorescence microscopy analysis did not reveal the presence of cells with 
-----------------------------------------------------------------------------------------------------
Time 4 h 24 h 48 h ---------------------------------------------------------------------------Samples
Ct 2-Fluoro-ara-AMP Ct 2-Fluoro-ara-AMP Ct 2-Fluoro-ara-AMP (2.5 μM) (2.5 μM) (2. MCF-7  G1  42%  44%  53%  62%  60%  69%  S  44%  43%  37%  27%  32%  21%  G2  14%  13%  10%  11%  8%  10%  MDA-MB-435  G1  41%  42%  52%  50%  46%  46%  S  37%  36%  29%  35%  34%  38%  G2  22%  22%  19%  15%  20%  16%  - 
μM) -----------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------
Cells were treated with 2-Fluoro-ara-AMP 2.5 μM. At 4, 24 and 48 h from the beginning of drug treatment, samples of 1x10 6 of cells were fixed in ethanol, stained with propidium iodide and then analyzed with a FACScan flow cytometer.
-----------------------------------------------------------------------------------------------------
the nuclear morphology of apoptosis (in terms of chromatin condensation and DNA fragmentation) after labelling of drugtreated cultures with propidium iodide (not shown).
2-Fluoro-ara-AMP-loaded erythrocytes release 2-Fluoroara-A.
To provide potential advantages in terms of both efficacy and reduction of toxicity, 2-Fluoro-ara-AMP was encapsulated in human erythrocytes which can thus provide as slow-delivery system for 2-Fluoro-ara-A as previously suggested (30) . The procedure of hypotonic dialysis and isotonic resealing allowed the internalization of 0.735±0.22 μmol/ml erythrocytes with an average percentage of encapsulation of 20% of 2-Fluoro-ara-AMP and a cell recovery higher than 70%. Encapsulation of 2-Fluoro-ara-AMP did not result in any appreciable alteration of erythrocyte morphology and metabolism (data not shown). The ability of 2-Fluoro-ara-AMP-loaded erythrocytes to release 2-Fluoro-ara-A in cell media and its disappearance from media due to the uptake by MCF-7 and MDA-MB-435 cells was evaluated. The results obtained (Fig. 4, empty  symbols) show that 2-Fluoro-ara-AMP loaded erythrocytes release 2-Fluoro-ara-A in a time-dependent manner reaching the maximum concentration in culture media 48 h after the beginning of incubation. In the presence of MCF-7 and MDA-MB-435 cell lines (Fig. 4, full symbols) 2-Fluoro-ara-A is rapidly removed from culture media; the internalization of the compound appeared faster for MCF-7 cells (up to its complete disappearance from the medium after just 48 h) compared to MDA-MB-435 cells, where low levels of diffusible drug were still present at last time tested (96 h).
Antiproliferative effect of 2-Fluoro-ara-AMP-loaded erythrocytes.
Breast cancer cells were exposed to 2-Fluoro-ara-AMPloaded erythrocytes to evaluate the in vitro efficiency of the payload release (2-Fluoro-ara-A) and the consequent cytotoxic effect. Specifically, for cytotoxicity experiments, cells were incubated with 2-Fluoro-ara-AMP-loaded red blood cells for different intervals (ranging from 4 to 96 h) and the growth inhibitory activity exerted by the released drug was assessed by evaluating the percentage of viable, adherent cells. In both cell lines, an antiproliferative effect of 2-Fluoro-ara-A released from loaded erythrocytes could be detected (Fig. 5) ; however, it is noteworthy that in MCF-7 cells, the cytotoxic effect was already appreciable after a 4-h exposure while no effect at this time was registered in MDA-MB-435 cells, confirming what was previously observed with the free drug at the same exposure time (Fig. 1) ; following longer treatment periods, a similar, remarkable inhibition of MCF-7 and MDA-MB-435 cell growth was observed, with a reduction in cell number around 90% after 48 h of drug exposure. Effect of 2-Fluoro-ara-AMP on p53 and STAT1. The expression levels of p53 in MCF-7 and MDA-MB-435 treated with free and RBC loaded 2-Fluoro-ara-AMP were evaluated: the results obtained in MCF-7 cells line (Fig. 6A) show a markedly enhanced expression of p53 after drug treatment: in fact, the immunoreactive band increases in a concentration-dependent manner, reaching values higher than 10-fold when compared to control cells both in cells treated with 10 μM of 2-Fluoroara-AMP and with 2-Fluoro-ara-AMP-loaded RBC, and values higher than 9-fold respect to cells treated with UL RBC in cells treated with 2-Fluoro-ara-AMP-loaded RBC. On the contrary, the same assay carried out on MDA-MB-435 (a p53 mutated cell line), shows an equal level of p53 in all experimental conditions (Fig. 6B) as expected (31) . Since convergent studies suggest that p53 and STAT1 cooperate in the induction of cell death and that 2-Fluoro-ara-AMP is activator of STAT1 in p53 expressing cells (32) , the expression levels of STAT1 in MCF-7 and MDA-MB-435 treated with free and RBC loaded 2-Fluoro-ara-AMP were evaluated. Fig. 7 shows results obtained by Western blot analysis of STAT1 and p-Tyr-STAT1 levels on total cell extracts of MCF-7 (A) and MDA-MB-435 (B) cell lines. STAT1 exists as 2 protein products: the 91-kDa (·) and the 84-kDa (ß) isoforms. Both proteins contain the 701 Tyr residue, the phosphorylation of which is required for activation, dimerization and nuclear translocation (33) (34) (35) . To evaluate the effect of 2-Fluoro-ara-AMP on the STAT1 pathway, the MCF-7 and MDA-MB-435 cells were exposed to 2-Fluoroara-AMP 2.5, 5.0 and 10 μM and 2-Fluoro-ara-AMP-loaded erythrocytes for 24 h. As shown in Fig. 7A , 2-Fluoro-ara-AMP induces only a slight increase in the levels of STAT1 in MCF-7 cells, but a substantial increase in p-Tyr-STAT1 indicating activation of the pathway. In MCF-7 treated with different concentrations of free 2-Fluoro-ara-AMP, the levels of p-Tyr-STAT1 increase in a dose-dependent manner, reaching values 50% higher than in control ones. In cells treated with 2-Fluoro-ara-AMP-loaded erythrocytes, the pTyr-STAT1 levels reach densitometric values 26% higher than in control and UL treated cells. A similar trend was obtained in the MDA-MB-435 cells (Fig. 7B) , even if the STAT1 protein is poorly represented in this cell line and thus the Western blot analysis was performed on a larger amount of cell extract compared to MCF-7 cells. Although in this case the immuno-reactive bands of STAT1 tend to be equal to those of control cells, the increment in p-Tyr-STAT1 levels in a dose-dependent manner demonstrates the activation of the STAT1 pathway also in the MDA-MB-435 cells line, reaching values up to 34% respect to control cells. Furthermore, 2-Fluoro-ara-AMP-loaded erythrocytes increment the p-Tyr-STAT1 levels by approximately 28% compared to control and UL treated cells, demonstrating the efficacy of the encapsulated drug in this case as well.
Discussion
Breast cancer is the most common type of tumor in women in Western countries. Although much progress has been made in its treatment, there are still a considerable number of patients for which conventional chemotherapy is ineffective and consequently new approaches need to be developed. Thus, the aim of this study was to evaluate the cytotoxic effects of 2-Fluoroara-AMP against two human breast cancer cell lines having a different estrogen receptor (ER) expression profile: the ERpositive MCF-7 and the ER-negative MDA-MB-435 cell lines. Even if this purine analogue is currently used for the treatment of acute and indolent haematologic malignancies (that include tumors of myeloid and lymphoid lineage), previous studies in which 2-Fluoro-ara-AMP was tested against human tumor specimens of different histological origin, also showed a significant antitumor activity against breast cancer (36, 37) , leading us to further investigate its cytotoxic effects in breast cancer cell lines. Since the cytotoxic capacity of 2-Fluoroara-AMP is directly linked to its ability to be taken up by cells and phosphorylated to its triphosphate metabolite, we first demonstrated that MCF-7 and MDA-MB-435 cell culture media were able to convert the prodrug 2-Fluoro-ara-AMP to its diffusible antimetabolite Fluoro-ara-A (t 1/2 =20 min) and that in both cell lines the active triphosphated form, 2-Fluoroara-ATP, was accumulated, even if at different rates as justified by the different catalytic efficiency of dC kinase in the two cell lines (Table I) . However, though undetectable levels of 2-Fluoro-ara-ATP were observed in MCF-7 cells during the first treatment times considered (4 and 8 h), reaching only at the last time (48 h) superimposable levels with MDA-MB-435 cells, similar antiproliferative effects of 2-Fluoro-ara-AMP in the two cell lines were obtained causing an almost complete abrogation of growth after just 24 h of drug exposure at all the tested doses (2.5, 5.0 and 10 μM). This seems to indicate that MCF-7 cells are more sensitive than MDA-MB-435 cells to the treatment.
At present, 2-Fluoro-ara-AMP is administered to patients with lymphoproliferative malignancies at the standard dose of 25-30 mg/m 2 /day, given over 30 min for 5 days every 28 days (for different lengths of time), that leads to a plasma 2-Fluoro-ara-A concentration of about 3 μmol/l (μM) at the end of each infusion (12) ; since this concentration resulted efficacious in the inhibition of MCF-7 and MDA-MB-435 cell growth, it would be reasonable to assume that a similar therapeutic protocol could also be used in patients with breast cancer. Actually, this therapeutic approach has already been evaluated in a phase II clinical trial (38) where 2-Fluoro-ara-AMP provided minimal efficacy in the treatment of heavily pretreated patients with advanced refractory breast cancer. However, no data exist regarding drug efficacy in patients with a less severe clinical situation where a greater efficacy of the antineoplastic agent cannot be excluded. In addition, it is acceptable that by modifying the pharmacokinetic profile of the 2-Fluoro-ara-AMP, an increase in its efficacy and a decrease in its toxicity could be reached. To this end, since the ability of 2-Fluoro-ara-AMP-loaded red blood cells to act as bioreactors to slowly release 2-Fluoro-ara-A is known (25) , the antiproliferative activity of these engineered erythrocytes in MCF-7 and MDA-MB-435 cells was evaluated. 2-Fluoroara-A was successfully released in culture media in a timedependent manner [12.5 nmol/h per ml erythrocytes, confirming results previously obtained (25) ] and a cytotoxic activity similar to that shown with the free drug treatment was registered. These results suggest the possibility of administering 2-Fluoro-ara-AMP to patients with breast cancer by using autologous erythrocytes as a system to slowly deliver 2-Fluoro-ara-A in circulation. An apparatus called 'Red Cell Loader', which allows the encapsulation of drugs in human erythrocytes for clinical purposes, is available (37) and it has already been used in patients with inflammatory diseases to release in the circulation the glucocorticoid analogue Dexamethasone in several clinical trials (38) (39) (40) (41) (42) . Successively, in the attempt to better characterize the mechanisms by which 2-Fluoro-ara-AMP causes cytotoxicity in breast cancer cell lines, the effects induced by the drug on the cell cycle were investigated. As revealed by the analysis of DNA content, 2-Fluoro-ara-AMP was able to produce a specific block in the progression of the cell cycle only in the MCF-7 cells, but did not cause apoptosis in this cell line [as expected since MCF-7 are notably caspase-3 deficient (43-45)] nor in the MDA-MB-435 cells, leading us to further investigate the mechanisms involved in the antiproliferative effect of the antineoplastic drug. In particular, since 2-Fluoro-ara-AMP is a potent activator of p53, a transcription factor able to block the cell cycle (18), p53 expression was evaluated both in MCF-7 and in MDA-MB-435 cells. A remarkable overexpression of p53 was observed in MCF-7 cell line following 24 h-treatment both with free and with the encapsulated drug; in particular, the treatment with 2-Fluoro-ara-AMP-loaded RBC caused an increase in p53 protein into the range of the values obtained with the higher concentrations (5.0 and 10 μM) of the free drug as expected by the kinetic release of 2-Fluoro-ara-A from erythrocytes (Fig. 4) . Otherwise, no increase in p53 expression was obtained in MDA-MB-435 cells, notoriously mutant p53 cells lacking transcriptional activity (30) . Here, p53 levels were comparable to those registered in untreated control cells which expressed elevated basal levels of the mutant protein as previously reported (30) . Moreover, since it is known that: i) the cytotoxic activity of the p53 inducer is increased by STAT1 transcriptional activation (46) , ii) STAT1 activation is implicated as a tumor suppressor (47), iii) STAT1 activation induced by the genotoxic drug depends on p53 protein but not on its transcriptional activity (31) , activation of the STAT1 pathway on ER + and ER -cancer cell lines was investigated. Activation significantly occurred both in MCF-7 and in MDA-MB-435 cells and the treatment with 2-Fluoro-ara-AMP-loaded RBC again resulted in an increase of p-Tyr-STAT1 into the range of the values obtained with the higher concentrations of the free drug. Taken together, these results seem to suggest two different mechanisms of action for the cell lines: in MCF-7 cells, the antiproliferative action of the drug could be explained by a p53-dependent pathway of STAT1 which transcriptionally up-regulates p21, a target gene involved in cell cycle arrest without induction of the apoptotic program (31, 48) while in MDA-MB-435 cells, the activation of the STAT1 pathway alone could be sufficient to mediate growth inhibition, overcoming the resistance of p53-mutated cells to the genotoxic agent (31) . Otherwise, the same mechanism proposed for MCF-7 cells could be responsible for the cytotoxic activity of 2-Fluoro-ara-AMP in MDA-MB-435 cells in the case that the simple presence of p53 protein, and not its transcriptional activity, is sufficient for STAT1 activation, as suggested by Youlyouz-Marfak et al (31) .
In summary, our data demonstrate that the genotoxic agent 2-Fluoro-ara-AMP shows antiproliferative activity against both the ER + MCF-7 and the ER -MDA-MB-435 cells and that, when encapsulated into erythrocytes, it is slowly and constantly released in its diffusible form, 2-Fluoro-ara-A, with a cytotoxic activity superimposable to that obtained with the free drug. Clinical trials (Phase I and II) could be useful in evaluating the potentiality of the new pharmacokinetic profile in reducing drug toxicity and improving drug efficacy. Moreover, preliminary studies carried out to elucidate the pathways implicated in the drug cytotoxicity seem to indicate the involvement of both p53 and STAT1 proteins. Further investigations are however required to confirm our hypothesis.
